We present a continuous-flow active micromixer based on channel-wall deflection in a polydimethylsiloxane (PDMS) chip for volume flows in the range up to 2 μL s −1 which is intended as a novel unit operation for the microfluidic Braille pin actuated platform. The chip design comprises a main microchannel connected to a series of side channels with dead ends aligned on the Braille pins. Computer-controlled deflection of the side-channel walls induces chaotic advection in the main-channel, which substantially accelerates mixing in low-Reynolds number flow. Sufficient mixing (mixing index MI below 0.1) of volume flows up to 0.5 μL s −1 could be achieved within residence times ~500 ms in the micromixer. As an application, continuous dilution of a yeast cell sample by a ratio down to 1:10 was successfully demonstrated. The mixer is intended to serve as a component of bio-analytical devices or as a unit operation in the microfluidic Braille pin actuated platform.
Introduction
Mixing of fluids in microchannels is challenging due to the stable laminar flow. The speed of mixing is limited by molecular diffusion, and is inversely proportional to the size of the fluid molecule or particle to be mixed [1] . Typically, for relatively large biomolecules or even cells, mixing can amount to hours in microchannels. An efficient method for mixing enhancement in microchannels is needed for bio-analytical applications such as cell counting, enzyme assays, screening assays, cell lysis, protein folding, and many others [2] .
In recent years, several active and passive mixers have been designed, based on the idea of reducing characteristic diffusion length in microchannels [3] . One profound phenomena for efficient microscale mixing is chaotic advection [4] , which involves local stretching and folding of the fluid streams and results in significant reduction in effective diffusion length. The key to effective mixing lies in the generation of strong stretching and folding [5] . Chaotic advection is induced in passive mixers through channel geometries [6] [7] [8] [9] , whereas in active mixers, stretching and folding is introduced with the aid of external perturbation sources [10] [11] [12] . Active micromixers generally provide enhanced control over the process for a broader range of flow conditions [11, 12] . Several active mixers based on chaotic advection have been reported where efficient mixing was observed in sub-seconds [4, 5, 11] . Most of the previously reported active mixers have been fixed-volume mixers. Mixing in continuous-flow condition is challenging due to the lower speed of mixing compared to the typically short residence time of the particles in the mixer. Tabeling et al. [4] reported a cross-channel micromixer which exploits chaotic motion of fluid particles in the main channel due to pressure perturbation at side channels. Such structures with robust and compact pressure-perturbation sources can be used for rapid mixing in microscale for continuous flow condition.
In this work we present a continuous-flow active micromixer that creates chaotic advection in crosschannel structures with the aid of mechanical actuation of polydimethylsiloxane (PDMS) membranes. The mixer is a novel unit operation for the Braille pin controlled microfluidic platform first described by Gu et al. [13] and Erickson [14] .
Material and Method

Principle of Braille Pin Controlled Continuous Micromixer
The novel continuous-flow active micromixer creates chaotic advection in cross-channel structures with the aid of mechanical actuation of PDMS membranes. The main microchannel is connected to a series of side channels (cross-channel structures) with dead ends that are aligned on Braille display pins. The side channel walls deform as the Braille pins underneath deflect, creating transverse flow at the mixing fluid interface in the main channel. By operating the Braille pins in a periodic sequence, the fluid undergoes local stretching and folding, which leads to rapid fluid mixing. Figure 1 depicts the principle of chaotic advection in the main channel due to pressure perturbation in the side channels. 
Chip Fabrication
The microfluidic chip is composed of polydimethylsiloxane (PDMS) fabricated using standard soft lithography procedures [15] . Figure 2a shows the schematic of the chip fabrication process. The master mould structure was fabricated on a 4-inch silicon wafer patterning multi-layered photoresist (AZ9260, Microchemicals GmbH). The patterned 100-μm thick structures were reflowed at 120 °C for 2 h to obtain round channel cross sections. The PDMS channel structures were made by pouring Sylgard 184 (Dow Corning Corp., mixture ratio of curing agent to pre-polymer 1:10) onto the mould and baking in an oven at 70 °C for 2 h. A 100-μm thick PDMS membrane was spun on another silicon wafer and cured in the same oven to form the deformable membrane. The two PDMS layers were permanently bonded after surface activation in oxygen plasma. Figure 2b shows the PDMS chip after fabrication. The microfluidic channel depth and width are 100 μm and 200 μm, respectively, and the dead-end chamber (round area) for Braille-pin actuation has a diameter of 1.5 mm. The resulting volume of the mixers fluid channel is 0.15 μL, the dead volume of one side arm is 0.19 μL and the displaced volume upon one braille pin is 0.16 μL. 
Braille Pin Actuator
The feasibility of Braille pin device as a mechanical actuator for fluid metering in bio-analytical applications has been demonstrated by several groups [13, 16] . We used a commercial Braille display (KGS Corp., Saitama, Japan) that provides an 8 × 8 array of 1.3 mm diameter pins that are each connected to piezoelectric bimorphs. These pins each deliver a force of 0.1 N for membrane deflection of up to 700 μm. The force corresponds to approximately 280 kPa pressure at the PDMS chambers when the chip is aligned and clamped on the Braille display (Figure 3b ). The resonance frequency of each piezoelectric element is 10 Hz. The pin actuation is controlled by a computer interface connected through an electronic interface circuit manufactured by Biofluidix GmbH, Freiburg, Germany [17] .
Experimental Setup
A schematic of the experimental setup is illustrated in Figure 3a . The membrane side of the PDMS chip is placed directly on top of the Braille display pin after careful alignment of the dead-end chambers with the Braille display pins. To pump the fluid through the chip at a precisely predetermined flow rate, a commercial syringe pump (neMESYS, Cetoni GmbH, Korbussen, Germany) was used. A high-speed camera (pco. 1200, PCO AG, Kelheim, Germany) was used to acquire instantaneous images of the fluid mixing inside the fluid channels. A 12× objective lens (Navitar Inc., New York, NY, USA) was attached to the high-speed camera to magnify the images. 
Mixing Quantification Technique
The efficiency of the Braille-actuated micromixer is evaluated by image analysis of instantaneous images of two water streams, one of which is colored with ink. The performance is quantified using a mixing index (MI) defined as the standard deviation of the pixel intensity values of an instantaneous image at time t from a certain reference image. In this study, the reference is defined as the image where the fluid is homogenized or completely mixed [11] . The expression for MI is given in Equation (1). (1) where N is number of pixels and I is the optical intensity. MI values of 1 and 0 indicate perfect laminar distribution and completely mixed state, respectively. Many of the literature consider 0.1 MI as a threshold value to define well mixed states [11, 18] . Therefore, mixing time, which is the time it takes for the two fluids to be well mixed in the main channel, is defined as the time when the MI reaches 0.1. In case of this continuous micromixer the mixing time is equivalent to the residence time of the fluid in the micromixer which is related to the volume flow and the active volume of the micromixers fluid channel. Figure 4 shows the behaviour of the fluid interface at the cross channel, where the stretching and folding of the fluid interface is observed during pin actuation. Here only one cross-channel structure is shown. The pair of braille pins actuates in alternative sequence i.e., upper pin actuates after the actuation of lower pin or vice versa. With no actuation the ink/DI water interface follows laminar flow, Figure 4a . The dark area in the upper side-channel of Figure 4c is caused by the flow of ink during the actuation of lower pin in Figure 4b . Stretching and folding is a key indicator of chaotic advection, and this image sequence clearly shows the capability of the Braille-actuated micromixer to perform rapid fluid mixing. As observed by visual inspection, the deflection of membrane is synchronized with the pin actuation for actuation frequencies up to 10 Hz, therefore no superimposed effect of membrane occurs on the mixing efficiency. 
Results and Discussion
Qualitative Analysis
Quantitative Analysis
For quantitative analysis two cross-channel structures are used during mixing operation. Figure 5a illustrates the effect of pin-actuation frequency on the mixing efficiency. At lower frequencies (<1 Hz) mixing is not efficient due to weak perturbation; in this case the actuation time is longer than the residence time of the fluid element in the mixing structure. With each pin actuation, 0.16 μL of fluid is displaced in the side channel. At 10 Hz the actuated flow rate in the side channel is ca. 1.6 μL. At frequencies exceeding the resonance frequency of the Braille actuator (>10 Hz), the mixing efficiency decreases due to lower velocities of the displaced fluids in side channels (lower propulsion of pin into the membrane). Therefore the optimal mixing performance is observed at the resonance frequency (~10 Hz) with the current setup. Figure 5b depicts the dependency of mixing efficiency on the total flow rate of fluids inside the main channel. The mixing efficiency decreases with increasing flow rates due to the fact that the residence time of the fluid in the channel is shortened and fluid elements undergo less perturbation before they leave the mixing chamber. Although the Reynolds number of the main-channel flow at 2 μL s −1 is relatively high (~20), it is not high enough to enhance mixing by turbulence. Thus for flow rates higher than 0.4 μL s −1 , more than two cross-channels structures are required (i.e., Number of actuating pins > 4) for efficient mixing. The ratio of the side-channel flow rate to the main-channel flow rate is also an important parameter to quantify the operational parameter of this mixer. Figure 5d depicts the relation between the side-channel flow rates and the main-channel flow rates for sufficient mixing efficiency (MI < 0.1). To achieve sufficient mixing the required side-channel flow rate is almost the square of the main-channel flow rate, as apparent from Figure 5d . Figure 5c depicts the effect of fluid viscosity on the MI. Fluids with different viscosities were prepared by diluting glycerol at different percentages in DI water. The MI increases (decreasing mixing efficiency) with the increase in the fluid viscosity, which is natural since viscosity is inversely proportional to the diffusion constant. Still, for a wide range of viscosities (up to 50 mPa s), the MI is below 0.1 which is the threshold of 'good mixing' commonly used in other studies [11, 18] .
Transient response of a mixer gives the continuous value of MI during Braille-pin actuation. Such response depicts the mixing speed and steady state MI value of the mixer during actuation. The transient response, of the MI at optimal operating conditions defined through the above-mentioned parameter studies is shown in Figure 6 . Here the mixing time is on the order of 10 2 ms (~500 ms), and homogeneous mixing is sustained for as long as the experiment was conducted. Figure 6 . The transient response for MI of the cross channel mixer with optimal design and operational parameters. The MI value reaches 0.1 within 1 s. The steady state error is less than 10%.
As an application example, dilution of a cell suspension in continuous flow was investigated. The cell suspension was of wild yeast type (Saccharomyces cerevisiae) in YNB medium (10 6 cells mL −1 ).
The photographs of cell dilution near the outlet channel are given in Figure 7 . The mixer consists of two cross-channels structures and the actuation frequency is 10 Hz. The total flow rate is 0.4 μL s −1 , and the flow rate ratio is 1:10 (cell suspension: DI water). The images are taken at the downstream channel of the mixer approximately at 1-mm after the mixing chamber. Initially at t = 0, which is the instant of no-actuation condition, no mixing is observed and all cells flow in the lower part of the channel in the image. Due to the high viscosity of yeast cell and the medium, the transient response (mixing time) is relatively higher. After 2 s of actuation the cells are dispersed throughout the width of the channel and diluted. During the mixing operation some yeast cells flow into the side-channels towards pin-actuation area, but no bioaccumulation of the side-channels were observed. Bioaccumulation in side-channels can reduced the mixing efficiency by reducing the actuation pressure. The side-channel flow rate is ca. 1.6 μL s −1 (at 10 Hz) which is enough to avoid any bioaccumulation during the mixing operation. After the mixing operation the yeast cells were flushed away with DI water and later immersed in ethanol ultrasonic bath for chip cleaning. The shear stress in the main channel during the induced side-channel flow is roughly calculated to be on the order of ~10 2 Pa. It is known that a shear-stress of this range does not affect the viability of yeast cells [19] . 
Conclusions
We demonstrated a novel microfluidic unit operation for mixing enhancement by membrane actuation using a mechanical Braille pin actuator array. It is shown that rapid mixing of cell/particle flow can be achieved for volume flows in the range up to 2 μL s −1 using a cost-effective configuration with easily replaceable PDMS microfluidic chips. Chaotic advection in the main channel is demonstrated by the generation of periodic stretching and folding. For continuously flowing fluids, a MI of 0.1 was achieved by a residence time of half a second using two cross-channels structures in the mixer. Several influencing parameters of the mixing setup have been studied. It is found that parameters like flow rate ratio and fluid viscosity have little to no significant effect on mixing for a wide range, whereas actuation frequency and volume flow has significant effect on mixing efficiency. The successful demonstration of cell sample dilution proved the feasibility of Braille display actuated PDMS micromixers. In future, such micromixers may serve as a microfluidic component in bio-analytical devices or as microfluidic unit operation in Braille pin actuated microfluidic platforms.
